A new glass texturing method (AIT-aluminium-induced texturisation) has recently been developed by our group. In the present work, the potential of this method is explored by fabricating PLASMA poly-Si thin-film solar cells on glass superstrates that were textured with the AIT method. Using an interdigitated metallisation scheme with a full-area Al rear contact, PLASMA cells with an efficiency of up to 7% are realised. This promising result shows that the AIT glass texturing method is fully compatible with the fabrication of poly-Si thin-film solar cells on glass using solid phase crystallisation (SPC) of PECVD-deposited amorphous silicon precursor diodes. As such, there are now two distinctly different glass texturing methods-the AIT method and CSG Solar's glass bead method-that are known to be capable of producing efficient SPC poly-Si thin-film solar cells on glass.
INTRODUCTION
Polycrystalline silicon (poly-Si) thin-film device structures on inexpensive foreign supporting materials such as glass are becoming increasingly important, for example in thin-film solar cells and flat panel displays. In the case of solar cells, thin-films have the potential to significantly reduce the cost of manufacture of photovoltaic (PV) modules due to the fact that they only require a fraction of the silicon material as compared to traditional, silicon wafer-based modules. Furthermore, thin-film poly-Si solar cells have the advantage that it is possible to manufacture them on large-area supporting materials (∼1 m 2 ), streamlining the production process and further reducing processing costs. The efficiency of solar cells based on poly-Si materials (i.e., materials with a grain size larger than about 1 μm, no amorphous tissue) is also intrinsically more stable compared to that of cells based on amorphous or microcrystalline silicon thin-films.
Due to the weak absorption of near-infrared light in crystalline silicon (c-Si), an effective light trapping scheme is essential for poly-Si thin-film solar cells (i.e., Si thickness of less than 10 μm). One effective way to obtain light trapping is to texture the supporting material prior to the deposition of the Si film. As a result of the texture, light is transmitted obliquely into the Si film, significantly enhancing the optical pathlength and thus increasing the optical absorption.
A texture that has steeper slopes will increase the optical absorption more strongly than a shallow texture. The optical absorption is further enhanced by depositing a high-quality reflector onto the back surface (back surface reflector-BSR). Best optical absorption is obtained if the texture and the BSR are optimised such that the total internal reflection occurs both at the front and the rear surface of the Si film, enabling multiple passes of the light through the solar cell. Apart from the light trapping benefits, the textured substrate also reduces reflection losses at the front surface of the solar cell (doublebounce effect). The most efficient poly-Si thin-film solar cells made as yet at low temperature on foreign supporting materials have energy conversion efficiencies in the range 9-10% and were fabricated by solid phase crystallization (SPC) at about 600
• C of hydrogenated amorphous silicon (a-Si:H) precursor diodes on a textured metal substrate (9.2%) [1] or a textured glass superstrate (9.8%) [2, 3] . The a-Si:H precursor diodes were deposited by plasma-enhanced chemical vapor deposition (PECVD). Besides giving good cell efficiency, the SPC method has a number of other advantages such as simplicity of the process and low cost.
In the present work, we use the SPC method to fabricate poly-Si thin-film solar cells on glass superstrates that are textured with a new method recently developed by us [4, 5] . This method is referred to as aluminium-induced texturisation (AIT) and is based on a thermally activated chemical reaction 2 Advances in OptoElectronics between the glass and a thin, sacrificial aluminium layer. All sacrificial Al films used in the present work were deposited by evaporation. The high temperature (∼600
• C) during the subsequent thermal anneal induces a spatially nonuniform redox reaction between the Al and the glass (SiO 2 ) according to
Following this anneal, the reaction products (AL 2 O 3 , Si) are removed by wet chemical etching. The Al layer can be deposited by evaporation or sputtering and hence the AIT method is suitable for large-area applications such as thinfilm PV. All solar cells reported in this paper are made by SPC of PECVD-deposited a-Si:H precursor diodes and are referred to by us as "PLASMA" cells [6] . In addition to AITtextured glass sheets, we also use planar glass sheets to clearly reveal the benefits of the glass texture. The cells are analysed structurally (focused ion beam microscopy, atomic force microscopy), optically (reflectance, transmission), and electrically (1-Sun current-voltage, external and internal quantum efficiency). Computer simulations are also performed to determine the cells' light trapping properties and the diffusion length in the absorber region.
EXPERIMENTAL DETAILS
A resistively heated evaporator (Varian) was used for depositing aluminium onto clean 15 × 15 cm 2 glass sheets from Schott AG (Borofloat33, 3.3 mm thick). The thickness of the evaporated Al films was in the range of 40 to 230 nm. The evaporation rate was in the range of 3 nm/sec. The samples were then annealed at 610
• C for 40 minutes in a nitrogen purged tube furnace, inducing a chemical reaction between the glass substrate and the aluminium layer. Removal of the aluminium layer and the reaction products was realised by immersion for 10 minutes in hot (130
• C) concentrated (85%) phosphoric acid, followed by a 10-second dip in a 1:1 HF:HNO 3 solution. A conventional 13.56-MHz parallel-plate PECVD system (MV Systems, USA) was used for depositing a SiN layer (used as a diffusion barrier and antireflection coating with a thickness of ∼70 nm and a refractive index of ∼2.05) and a-Si:H precursor diodes onto planar and AIT textured 15 × 15 cm 2 sheets. Gas mixtures of pure silane with 0.5% phosphine in silane, 100 ppm diborane in hydrogen, and 0.5% trimethylboron in hydrogen were used for the deposition of n + , p − , and p + doped a-Si:H films, respectively. The total silane gas flow was kept fixed at 40 sccm, the total pressure was about 800 mTorr, the glass temperature about 400
• C, and the RF power about 25 mW/cm 2 . The SPC anneals (19 hours at about 600
• C) were performed ex situ in a conventional nitrogen-purged atmospheric pressure tube furnace. Following crystallisation, one 5 × 5 cm 2 sample was cut from the centre of each 15 × 15 cm 2 glass sheet. The samples then received an RTA process at 900-1000
• C for up to 5 minutes, followed by a hydrogenation treatment. The hydrogenation was performed in a cold-wall vacuum system featuring an inductively coupled remote plasma source (Advanced Energy, USA), using a glass temperature of 610-640
• C during 15-30 minutes, a plasma power of 3200-3500 W, a hydrogen gas flow of 200 sccm, and an argon gas flow of 60 sccm [7] . The metallisation scheme used in this work consists of two interdigitated comb-like metal grids, as schematically shown in Figure 1 . The rear metal grid (∼600 nm thick Al) serves as the rear (i.e., air-side) electrode of the cell, the back surface reflector, and a mask for plasma etching of the grooves for the front electrode. The comb-like, front (i.e., glass-side) electrode also consists of Al and can be formed in several ways, for instance, using the self-aligned maskless photolithography (SAMPL) method [8] . The front finger spacing of the cells is 0.56 mm and the cell dimension is The fabricated PLASMA solar cells were investigated by optical reflectance and transmission spectroscopy (Varian Cary 5G, double-beam spectrophotometer with an integrating sphere) and the surface morphology of the cells was investigated by Focused Ion Beam microscopy (FEI xP200) and Atomic Force Microscopy (AFM). After metallisation, the solar cells were characterised by current-voltage (I-V ) and external and internal quantum efficiency (EQE, IQE) measurements. The optical spectroscopy measurements as well as the EQE measurements were carried out in the superstrate configuration, using perpendicular illumination of the samples. The solar cell simulation program PC1D [9] was used to estimate the absorber region diffusion lengths and the light trapping properties of the PLASMA poly-Si thin-film solar cells. Figure 2 shows the surface morphology of a representative PLASMA solar cell grown on AIT-textured glass, revealing a cauliflower-like structure. In Figure 3 , AFM measurements show how the roughness of the bare glass texture varies with the Al thickness used in the AIT process. As can be seen, maximum glass surface roughness is obtained for an Al thickness in the 160-200 nm range.
RESULTS

Structural and optical properties
The impact of the AIT glass texture on the optical absorbance A(λ) of PLASMA cells with a silicon thickness of 2 μm is shown in Figure 4 . The bottom curve was measured on a planar cell, the middle curve on a cell textured with 70 nm of Al in the AIT process, and the top curve on a cell textured with 175 nm of Al in the AIT process. These absorbance results were obtained via A = 1 − (R + T), where R and T are the measured hemispherical reflectance and transmission. These measurements were taken before the cells were metallised, and hence the back surface reflector (BSR) was air at this stage. As can be seen, compared to the planar sample, the AIT-70 nm glass almost doubles the absorbance at λ = 800 nm, while the corresponding boost for the AIT-175 nm glass is even greater (∼2.5 times). Combined with the AFM roughness results of Figure 3 , these results clearly show that a rougher AIT glass surface leads to more efficient scattering and trapping of light, and hence to a larger optical absorption. For wavelengths above 800 nm, absorption in the 3 mm thick glass sheet becomes increasingly important, particularly for textured glass. As shown in [10] , absorption in 3 mm thick AIT-textured glass sheets dominates over absorption in the Si thin-film for λ > 950 nm, and this explains the significant absorption of the textured samples at wavelengths above the c-Si bandgap (∼1100 nm). The improved absorbance at short wavelengths (λ < 500 nm) for the top curve in Figure 4 is due to reduced front surface reflec- tion caused by the rougher front surface of this Si solar cell (double-bounce effect). The impact of the silicon film thickness on the optical absorbance A(λ) of planar and AIT-textured PLASMA cells is shown in Figure 5 . These measurements were again taken before the cells were metallised and hence the BSR was again air. For cells on planar glass, increasing the Si thickness from 2 to 5 μm strongly improves the optical absorption in the 500-900 nm wavelength band (e.g., by a factor of ∼1.6 at λ = 800 nm). This is a direct consequence of the poor light trapping properties of planar cells, necessitating the use of a relatively thick planar Si film (>10 μm) to obtain good absorption of the solar spectrum. In contrast, due to good light trapping, the optical absorption of textured samples increases only slightly (e.g., by a factor of ∼1.1 at λ = 800 nm) when the Si thickness is increased from 2 to 5 μm. This shows that a Si thickness of 5 μm is more than enough for PLASMA poly-Si cells on AIT-textured glass to ensure a good absorption of the solar spectrum, provided that the back surface reflector is of high quality. It should be noted that the optical properties of the SiN antireflective coating affect the absorption curves shown in Figures 4 and 5 . However, all SiN layers used in this work were nominally identical and hence the conclusions drawn from Figures 4 and 5 remain unaffected. 
Current-voltage and quantum efficiency measurements
Upon completion of the absorption measurements, several samples were metallised and their 1-Sun I-V curve measured on a halogen-lamp-based solar simulator. Additionally, the reflectance and the external quantum efficiency of these samples were measured. From each measured EQE curve, the 1-Sun short-circuit current ("J sc.EQE ") for the standard terrestrial solar spectrum (AM1.5G, 100 mW/cm 2 ) was calculated.
The results of the 1-Sun I-V measurements are shown in Table 1 , together with the corresponding J sc.EQE values. Several representative EQE curves are shown in Figure 6 . As can be seen from Table 1 , reasonable agreement (2-9% relative difference) between the J sc values obtained from the I-V and EQE measurements is obtained. Two important conclusions can be drawn from Table 1 . The first is that the glass texture does not negatively affect the V oc and the FF of the PLASMA cells, confirming that the AIT glass texturing method is well suited to the fabrication of these thin-film solar cells. Secondly, the J sc of PLASMA cells is significantly boosted by the AIT glass texture, giving the textured cells a clear efficiency advantage (about 8-19% relative) over their planar counterparts. The highest efficiency obtained in Table 1 is 5.5%, which is a clear proof-of-concept for PLASMA solar cells on AIT-textured glass.
Taking a closer look at the short-circuit currents in Table 1 , it can be seen that, for a given Si solar cell thickness, the introduction of the glass texture increases the cell's short-circuit current (EQE) by 5-17%. While this is a significant enhancement, it is well below the enhancement that might have been expected from the absorption measurements performed on the samples prior to metallisation (see Section 3.1). One possible reason could be a very small minority-carrier diffusion length L in the cells' absorber region (i.e., L W ab , where W ab is the width of the absorber layer), causing a poor J sc despite good optical absorption of the solar spectrum in the Si film. To test this hypothesis, the external quantum efficiency curves of several cells were fitted with the 1-dimensional solar cell simulator PC1D [9] . Good agreement between measured and simulated EQE curves was obtained, as shown in Figure 7 . The corresponding PC1D parameters are given in Table 2 . To fit the short-wavelength response of these PLASMA solar cells, it was necessary to insert a lightly doped (1 × 10 16 cm −3 ) n-type region between the highly doped n-type emitter and the lowly doped p-type part of the absorber layer, giving a n + n − p − p + solar cell structure. Sheet resistance profiling has recently shown that such a structure is typical for our present PLASMA solar cells [11] . As can be seen from Table 2 , the absorber region diffusion lengths of all samples are similar to the width of the corresponding region of the absorber and hence the modest current gains due to the glass texture are not due to a poor diffusion length in the absorber region. Instead, modeling of the cells' EQE with PC1D reveals that the modest J sc gain due to the texture is caused by a severe degradation of the internal reflection at the rear surface of the cells. Specifically, PC1D determines an internal rear reflection of about 50% at the planar Si/Al interface, whereas the corresponding value is only about 25% at the textured Si/Al interface. We believe that the poor internal reflectance of the textured samples is due to the double-bounce effect at textured rear surfaces, reducing the internal rear reflectance to (1/2) 2 = 0.25 = 25%. These results are also in good agreement with [12] where it was found that depositing a layer of white paint (which acts as a pigmented diffuse reflector) onto the rear surface of poly-Si thin-film solar cells on glass ("ALICIA cells") strongly improves the J sc , whereas deposition of an Al film degrades Advances in OptoElectronics the J sc (whereby the degradation was found to be particularly strong for textured samples). The important result from these investigations is that evaporated Al on poly-Si films is a poor back surface reflector, and particularly so for textured samples. Work is under way in our group to replace the fullarea aluminium BSR by localised Al contacts and to cover the nonmetallised rear surface regions with a good BSR such as white paint.
7% efficient PLASMA cells
By further optimising the solar cell fabrication process (RTA, hydrogenation, etc.), we have been able to improve the 1-Sun V oc of AIT-textured PLASMA samples to up to 491 mV and the FF to over 70%. In Figure 8 , the measured 1-Sun currentvoltage and power-voltage curves of the best PLASMA cell fabricated as yet by us is shown. The cell has an energy conversion efficiency (total area) of 7.0%, a V oc of 491 mV, a FF of 70.5%, and a J sc of 20.1 mA/cm 2 . Total cell area is 4.40 cm 2 and the silicon thickness is 4.0 μm. The I-V curve was measured using an aperture mask with an area of 4.40 cm 2 . From the measured EQE curve of this AIT-textured cell, a J sc.EQE of 20.55 mA/cm 2 is obtained for the AM1.5G spectrum. It is noted that this 7% PLASMA cell has a full-area Al rear contact and hence relatively modest light trapping properties. Significant improvements of the short-circuit current (and hence the cell efficiency) are expected from the implementation of an improved back surface reflector, as discussed in the previous section.
CONCLUSIONS
A new glass texturing method (AIT-aluminium-induced texturisation) has recently been developed by our group. In the present work, the potential of this method has been explored by fabricating PLASMA poly-Si thin-film solar cells on glass superstrates that were textured with the AIT method.
Using an interdigitated metallisation scheme with a full-area Al rear contact, PLASMA cells with an efficiency of up to 7.0% have been realised. This promising result shows that the AIT glass texturing method is fully compatible with the fab- rication of poly-Si thin-film solar cells on glass using solid phase crystallisation (SPC) of PECVD-deposited amorphous silicon precursor diodes. As such, there are now two distinctly different glass texturing methods-the AIT method and CSG solar's glass bead method [13] -that are known to be capable of producing efficient SPC poly-Si thin-film solar cells on glass.
While short-circuit current densities J sc of up to 20 mA/cm 2 have been realised in the present paper, the J sc potential of the AIT glass texturing method is actually significantly higher, as confirmed by optical absorption measurements taken on the samples prior to metallisation (i.e., using air as the back surface reflector). The reason why the present textured cells have relatively modest J sc has been shown to be the poor internal reflectance of about 25% at the textured, full-area rear Al contact. By implementing a locally contacting rear Al electrode and a pigmented diffuse reflector (such as white paint [12] ) in the metal-free rear surface regions, the J sc can be significantly boosted.
